Abstract. Electrical bioimpedance is an effective measuring tool to provide quick, non-invasive, real-time results which will be applied to the detection of internal haemorrhaging. Experiments were performed on female Fancy Rats weighing 333±44g, and 10mL of porcine blood was injected abdominally over 3 minutes. Data was collected using an 8x8 needle electrode array at 5 kHz, and 95 kHz and sent to the BioParHom Z-Flow. A strong correlation was found between the electrode paths crossing directly through the blood injection site, showing a decrease of about -0.17±0.1Ω/mL for the 5 kHz frequency. This correlation allows us to quickly detect internal haemorrhaging and also localize it with the current path set-up in the electrode array.
Introduction
In emergency settings, rapid real-time detection and localization of internal bleeding can be crucial to preserve the welfare of patients. The majority of patients who die from multiple injuries, die unnecessarily due to undetected internal bleeding [1] . Internal bleeding is the cause of 2/3 of all the deaths from multiple injuries in emergency patients. This gives rise to a need for rapid detection that can also estimate the rate of bleeding. On top of this, any added mobility would be an advantage to allow for on-site or in transit diagnosis.
Internal haemorrhaging is the dangerous bleeding found inside a major cavity. Its presence causes localized high pressure because of the volume of blood entering the cavity which puts undue strain on the nearby organs. It also causes hypoxia since the blood is not staying in the vessels and entering the organs, but rather pooling in the cavity which can cause irreparable organ damage. Internal haemorrhaging is commonly found in patients already suffering from other medical concerns.
CT Scans are capable of detecting and locating internal bleeding, however current detection methods lack the ability to estimate bleeding rates in patients. CT Scans are expensive, large and used as a diagnostic tool for many other medical issues. This creates a medical environment with few CT Scans in large hospitals with large wait lists. As a result of these current drawbacks, an inexpensive method capable of detecting, locating and estimating the rate of internal bleeding in real-time is believed to be a useful addition to clinical situations. The aim of this research is to outline the possibility of using electrical bioimpedance as a method to further a clinician's ability to accurately diagnose and assess internal bleeding.
Electrical bioimpedance is a method of detecting resistance changes in vivo. Using a mild electric current at a specific frequency, the resistance and capacitance can be measured to determine the constituents found along the current path. Using this in vivo, we can probe through the skin without causing any harm and measure internal components of the body.
1 To whom any correspondence should be addressed. The addition of a pool of blood found in a cavity affects the overall resistance of the cavity. The resistance of blood, primarily that of the plasma is lower than that of tissue. Blood has an average resistance of 191Ω for 1cc of blood at 87,000 cycles per second [2] . For skeletal muscle, the resistance is close to 500Ω per cm [3] . With this in mind, the more blood pooling near an electrode the lower its resistance since the electrical current will have more paths with less resistance.
Materials and Methods
Blood samples were taken from food grade pigs and anticoagulated with Ethylenediaminetetraacetic acid (EDTA) at 2mg/ml with 8ml/l of diluted water to porcine blood. The blood was injected into dead feeder female Fancy Rats weighing 379.5±61g. A rat was determined to be an appropriate phantom since it had the same blood to tissue ratio as a human of 7% [4] [5]. Blood was injected dorsally into the abdominal cavity as seen in Figure 1 . The experiment was run for 3 minutes, while 10mL of porcine blood was injected at a rate of 3.33mL/min. The amount equalled a potentially fatal amount of bleeding found in the human body of roughly 24mL/kg [6] . The site of the injected blood was centered over the electrode array at a depth of 0.5cm from the skin.
The measurements were made using an 8x8 needle electrode array built to 5cm 2 , taking inputs from a current source (BioParHom Z-Flow) which is sent through a multiplexer (Arduino Mega2560). Four electrodes along the electrode path were used, the electrodes on either end alternate inputting the current while the middle two electrodes measure the signal. The initial set-up was run at 5 kHz for the first 8 rats, the second 9 rats were done at 95 kHz. The current was alternated between various electrode paths in the array to systematically work through a grid. The electrode array was placed in vitro on a 5cm 2 shaved spot on the abdominal cavity. The signal alternated between 8 current paths as seen in Figure 2 , taking 1 measurement along each path before changing. Each path received 25 measurements per minute. 
Results and Discussion
For electrical current in the human body, there are several factors which must be considered. The first is the desired path of the current. It has been stated in various papers that the cell membrane acts as a capacitor [2] [3] [7] . At higher frequencies, current is capable of passing through biological tissue with less resistance. This is due to the capacitive effect of the cell membrane. Above 150 kHz, the current can pass through the cell membrane with little resistance. Below 5 kHz, the current cannot pass the capacitive cell membrane. With these values, we would expect a higher resistance found in the 5 kHz tests compared to the 95 kHz tests. Due to this higher initial resistance, any extra current paths with a low resistance would have a much more prominent effect. For the 5 kHz tests, we expect to see a larger effect on resistance change than at 95 kHz when in the presence of blood pooling.
Figure 3
Sample data from a rat at 5 kHz highlighting the drop in resistance across the electrode paths passing through the blood pooling.
The above plot shows the data points acquired for a single rat over the course of the test. The last four data points are those that cross through the location of the blood pooling, and show a marked decrease in resistance per ml of blood.
Averaging the data points, we get a trend across all the rats tested. The comparison of the trends of the two frequencies show a large difference in the variability of the mean resistance drops. This change in resistance can be seen in Figure 4 , with a drop in resistance per ml injected for the last four current paths which cross through the location of the blood pooling. For the 95 kHz values, there is little change as the current already has many paths to go through since it can cross cell membranes with less impedance.
Figure 4
Resistance change per volume of blood injected across current paths in a rat at 5 kHz and 95 kHz. The change in variability between the two tests shows that at lower frequencies a more magnified change in resistance can be detected. This is in part due to the added importance of the blood plasma at the lower frequency. The results give rise to the possibility of finding an optimal frequency to measure resistance changes in the body. As a result, more research will be conducted to find that optimal frequency using impedance spectroscopy.
Combining the average resistance drop and overlaying it onto the electrode array area, we can find the location of the highest rate of blood accumulation. For the 5 kHz frequency, we find that the blood pooling occurs in the bottom right corner of the electrode shown in Figure 5 . For locating the internal bleeding under the electrode array, a 60% drop in resistance per ml isolated where the blood was pooling. This gives a clear and visible indication as to where to investigate for the source of the bleeding.
Conclusion
A set up using a Z-Flow with and 8x8 electrode array at 5 kHz was able to detect and localize blood pooling. Potential for this detection technique has been demonstrated by the initial research. A 60% greater decrease in resistance per ml was able to indicate the location of the blood pooling. Further work is required to refine the applied frequency to maximize the detection of blood pooling.
